Vocal learning is the ability to imitate sounds, and is critical for spoken language. It is a rare trait found in several independent lineages of mammals (humans, cetaceans, elephants, pinnepeds, and bats) and birds (songbirds, parrots, and hummingbirds) (Petkov and Jarvis, [@b41]; Jarvis, [@b24]). Within birds, vocal learning is proposed to have evolved at least two to three independent times: in oscine songbirds and parrots, or their common ancestor, as they are sister lineages with only two vocal nonlearning lineages that separate them (New Zealand wrens and suboscine Passeriformes); and in hummingbirds, which are more distantly related to songbirds and parrots (Suh et al., [@b45]; Jarvis et al., [@b28]). The brains of all vocal learners studied to date (birds and humans) have forebrain song or speech control circuits not found in vocal nonlearners (including nonhuman primates) (Jarvis, [@b23]; Petkov and Jarvis, [@b41]), or found at very rudimentary levels in mice and suboscine Passeriformes closely related to songbirds (Arriaga et al., [@b2]; Arriaga and Jarvis, [@b1]; Liu et al., [@b35]) ([Fig. 1](#fig01){ref-type="fig"}). One of the relatively unique connections of this circuit is a robust direct projection from a vocal motor cortical region (the robust nucleus of the arcopallium \[RA\] in vocal learning birds; the laryngeal motor cortex \[LMC\] in humans) to the brainstem motor neurons that control the vocal muscles (syrinx in birds; larynx in humans; [Fig. 1](#fig01){ref-type="fig"}A,B) (Jurgens, [@b31]; Jarvis, [@b23]; Fitch et al., [@b15]). Direct projections from the cortex to motor neurons are rare, and when found they are often associated with fine motor skill learning and control (Lemon, [@b34]). Based on these findings, we hypothesized that brain regions with the direct motor projection may have unique convergent changes in expression of genes that control neural connectivity.

![Brain pathways for vocal behavior in vocal learning and vocal nonlearning birds and mammals. A: Drawing of a zebra finch male brain section showing connectivity of posterior (HVC, RA) and anterior (LMAN, area X) song pathways. B: Drawing of a human brain section showing proposed vocal pathway connectivity including the LMC/LSC and part of the anterior striatum (ASt) that shows convergence with songbird RA and area X (Pfenning et al., [@b42]). Black arrows, connections and regions of the posterior vocal motor pathway; white arrows, connections and regions of the anterior vocal pathway; dashed arrows, connections between the two pathways. Red arrows show the direct projections found only in vocal learners, from vocal motor cortex regions to brainstem vocal motor neurons. C: Connectivity of a vocal nonlearning bird, chicken, showing the absence of forebrain song nuclei. D: Connectivity of vocal nonlearning primates (macaque shown), which has forebrain regions that make indirect projections to the nucleus ambiguus (Amb), although they are not necessary for vocalizations. E: Proposed mouse vocal pathway connectivity, which has a very sparse direct projection to the Amb. For abbreviations, see list. Figure panels modified from Arriaga et al., [@b2]; Petkov and Jarvis, [@b41]; and Pfenning et al., [@b42].](cne0523-0892-f1){#fig01}

To test this hypothesis, we have been screening for potential differences in expression of genes in the vocal motor cortex and its projection targets, in humans and vocal learning birds, compared with control vocal nonlearning species. We previously found convergent molecular changes in two genes involved in neuroprotection (parvalbumin and *DUSP1*), which we hypothesized may be necessary for buffering highly active song and speech circuits (Hara et al., [@b19]; Horita et al., [@b20]). However, there have been no discoveries of convergent molecular changes of genes involved in neural connectivity beyond two vocal learning avian species (songbird and parrot) (Matsunaga et al., [@b38]). In a thesis study (Wang, [@b48]), we screened for protein coding sequence mutations in the genomes of vocal learning mammals and discovered that the *ROBO1* axon guidance receptor has mutations enriched in mammalian vocal learners. In our related study (Pfenning et al., [@b42]), we performed genome-scale expression microarray analyses across vocal learning and vocal nonlearning primate and bird species, and discovered that the ligand of *ROBO1*, *SLIT1*, was among the top three most convergent differentially expressed genes in the human LMC and the RA analogs of vocal learning bird lineages. *ROBO1* and *SLIT1* are viable candidates for involvement in speech evolution and function, in that mutations in *ROBO1* are associated with speech sound disorder and dyslexia (Hannula-Jouppi et al., [@b18]; Bates et al., [@b3]). Here we present a more detailed characterization of *ROBO1* and *SLIT1* mRNA expression, as well as other genes from the SLIT--ROBO family, in vocal learning and vocal nonlearning birds, and the putative LMC of mice. Our findings are consistent with the possibility that these genes play specialized roles in the repeated evolution and function of vocal learning circuits.

Materials and Methods
=====================

Animals
-------

We collected fresh-frozen brains of 18 juvenile zebra finches (*Taeniopygia guttata*) from posthatch day (PHD) ∼20, ∼35, and ∼65 (*n* = 3 males and 3 females of each age), 6 male and 6 female adult (PHD \> 90) zebra finches (a songbird), 4 male adult budgerigars (*Melopsittacus undulates*; a parrot), 3 male adult Anna\'s hummingbirds (*Calypte anna*), 4 male adult ring doves (*Streptophilia risoria*), 4 male adult quails (*Coturnix cortunix japonica*), 2 PHD2 male quails, and 2 male adult mice (*Mus musculus;* C57BL/6J). Song learning in zebra finch males occurs in three phases, beginning with a sensory phase of auditory learning and subsong production between ∼PHD 35 and 45, a sensory--motor plastic song phase at ∼PHD 45--75, and a crystallization song phase during which the imitated song becomes stereotyped at ∼PHD 90 (Immelmann, [@b21]; Tchernichovski et al., [@b46]). We chose males, as they are more often the vocal learning sex when sex differences exist in vocal learning abilities. The PHD20 and PHD35 zebra finch juveniles, and PHD2 quails, do not yet have gender-specific plumage, and so we used polymerase chain reaction (PCR) on the CHD (Chromo Helicase DNA-binding) gene to identify their gender following a protocol in Wada et al. ([@b47]). The specific vocal nonlearning species were chosen for several reasons: 1) known experimental testing for absence of vocal learning (Nottebohm and Nottebohm, [@b39]; Deregnaucourt et al., [@b11]); and 2) phylogenetic relationships. For the latter, when we began the project, hummingbirds and pigeons (i.e., our ring dove) were considered closely related (Hackett et al., [@b17]). That proposed relationship has changed based on a new genome-scale phylogenetic tree, shown in our related study (Jarvis et al., [@b28]). The ring dove is now in a group of species more basal in Neoaves. Nevertheless, the species employed do represent logical choices to account for phylogenetic variation (Neoaves \[ring dove\] and a Galloanseres \[quail\] vocal nonlearning controls).

All animals were obtained from our breeding colonies at the Duke University Medical Center (Durham, NC), except for the Anna\'s hummingbirds, which were obtained with the help of Dr. Douglas Altshuler at the University of California, Riverside for a previous study (Feenders et al., [@b14]). Brains were collected from quiet animals after an overnight period of silence in a sound isolation chamber (cooler box of ∼ 31 L × 13 W × 14 H inches insulated with soundproof foam) with no singing (determined by automated recording with an Avisoft recorder \[<http://www.avisoft.com>\]) or after overnight in the nest for PHD20 animals. This prevents detection of differences in gene expression due to neural activity associated with singing and movement (Feenders et al., [@b14]). All animal procedures were approved by the Duke University Institutional Animal Care and Use Committee.

In situ hybridization
---------------------

In situ hybridizations were conducted on 12-µm coronal sections following our previously published protocol (Chen et al., [@b9]), at 65°C for the hybridization and washes for zebra finch brain sections, or at 60°C for all other species. Zebra finch clones for *ROBO1*, *ROBO2*, *SLIT1*, *SLIT2*, and *SLIT3* were used to make ^35^S-radioactive riboprobes for hybridization to all avian species. We used zebra finch brain mRNA from a female in PCR reactions with primers generated against conserved sequences in the chicken, mouse, human, *Xenopus* (frog), and/or zebra fish genomes (Table[1](#tbl1){ref-type="table"}). The zebra finch PCR products were cloned into the T overhangs of the PGEM Teasy vector (Promega, Madison, WI), and both ends of the insert were sequenced with M13 forward and reverse primers to verify the identity of the gene. The SLIT1 zebra finch clone was completely sequenced and deposited into GenBank (accession no. KF738084). For riboprobes, the inserts were amplified in a PCR reaction with the M13 primers and purified, and the antisense strand was made with SP6 or T7 RNA polymerases (Table[1](#tbl1){ref-type="table"}). Mouse clones were from the mouse Mammalian Gene Collection (full-length cDNA clones) with accession numbers as follows: *ROBO1* (CA326894), *ROBO2* (BC055333), *SLIT1* (BC057131), *SLIT2* (BC059267), and *SLIT3* (BU151959). The antisense strand was made with T3 RNA polymerase except for *SLIT3*, which was made with T7 RNA polymerase. The mouse sense strands were generated with T7 RNA polymerase except for *SLIT3*, which was generated with the SP6 RNA polymerase. The sense strand of each gene for each species did not result in any specific signal (data not shown).

###### 

Zebra Finch ROBO and SLIT Clones Generated for This Study[1](#tf1-1){ref-type="table-fn"}

  Gene    Clone ID        Foward primer             Reverse primer            Direction α-sense
  ------- --------------- ------------------------- ------------------------- -------------------
  Robo1   1--11-08 \#03   AGTCCCGTCTTTTACCTTCAC     CCCAGCCATTGATCATGGA       Minus SP6
  Robo2   1--25-08 \#12   GAGATGGAGGACTAATGAGCAA    ACAGAGCTGTCTAGATTGTCCAT   Minus SP6
  Slit1   1--31-08 \#15   AACCCNTTCAACTGCAACTGCCA   CACTTGVTGGGYTTYTCCAC      Plus T7
  Slit2   4--17-08 \#13   CAGATTGCCACAGACGAAGACAG   TTCCCCTCGACAAGAGATTTCT    Plus T7
  Slit3   1--31-08 \#07   CCATTTGTGTGCGACTGCCA      CTTATGCTGTTRTTGCTCA       Minus SP6

Listed are the clone IDs (date cloned and colony \#), the forward (5′) and reverse (3′) primers used to amplify the cDNA product from zebra finch female brain, and the direction of the antisense and polymerase used to generate antisense riboprobes.

Quantification
--------------

Quantification of gene expression in identified forebrain regions was conducted by using a previously described method (Jarvis et al., [@b27]). In brief, in situ hybridization images from x-ray film or emulsion-dipped slides were digitized with a macrozoom microscope (Olympus DP Controller 3.2.1.276 software), transferred to Photoshop (version CS3, Adobe Systems, San Jose, CA), and converted to grayscale to reduce intensity differences created by differences in cresyl violet staining between experiments and to provide a comparable grayscale range among images. Regions of interest were outlined with the Lasso Tool (Photoshop), and the average pixel density was calculated by using the histogram function. The average adjacent background level on the glass slide without tissue was subtracted, and the resultant values were averaged across at least two different brain sections. For vocal learning species, the regions of interest included the RA analog and the medially adjacent intermediate arcopallium (Ai) that is active during movement (Feenders et al., [@b14]). The vocal nonlearning species do not have an RA analog, and thus we quantified two adjacent regions within the movement-activated Ai region, where the RA analog would be expected to be found.

For the brainstem regions, a more sensitive quantification method was needed due to sparsely spaced large motor neurons with large gene expression differences from other nearby cells. Thus, we took brightfield sections of the motor neurons at 63× magnification, and then used a threshold function in ImageJ v1.44 (<http://imagej.nih.gov/ij/>) to mark the maximum amount of grains without marking other tissue objects. Then the number of silver grains in the image was counted automatically (using the measure function), and that number was divided by the number of motor neurons (manually counted) in each image. The average adjacent background level on the glass slide without tissue was subtracted, and the resultant values were averaged across at least two different brain sections.

Figure processing
-----------------

To represent the full color range of the in situ hybridization images in figures, the levels function of Photoshop was used to expand the image RGB levels to a full 0--250 range, by moving the black (0, left) and white (255, right) sliders to the edges of the brightness histogram values for the image in the RGB color setting.

Results
=======

*SLIT1* and *ROBO1* are differentially regulated in the RA analog of vocal learners
-----------------------------------------------------------------------------------

We focused on the brain region considered to show the most specialized connection in vocal learning species, the RA analog (RA in songbird, AAC in parrot, and VA in hummingbird), which makes a direct projection to brainstem vocal motor neurons (nXIIts) (Paton et al., [@b40]; Wild, [@b50]; Gahr, [@b16]); the song nuclei of different vocal learning lineages have been given different names, because of the hypothesis that each lineage evolved their nuclei independently of a common ancestor (Striedter, [@b44]; Jarvis and Mello, [@b25]; Jarvis et al., [@b26]). We examined expression in the frontal plane, which allowed us to make expression comparisons directly adjacent to the more lateral nonvocal motor arcopallium in the same brain sections (Feenders et al., [@b14]).

We found that the RA analog of all three vocal learning lineages showed striking *SLIT1* mRNA downregulation relative to the surrounding arcopallium ([Fig. 2](#fig02){ref-type="fig"}A,B,H) (Pfenning et al., [@b42]). The directly adjacent lateral intermediate arcopallium (Ai), which does not make direct projections to brainstem motor neurons (Dubbeldam, [@b12]; Bottjer et al., [@b5]), had intermediate levels of *SLIT1* relative to the remaining arcopallium, which projects to other forebrain regions (Wild, [@b50]; Bottjer et al., [@b5]). Furthermore, the AAC of parrots has a core subdivision (AAC core) that forms the direct projection to nXIIts vocal motor neurons and a surrounding ventrally skewed shell subdivision (AAC shell) unique to parrots that projects to other forebrain song nuclei (Durand et al., [@b13]; Chakraborty et al., in press). Only the parrot AAC core showed the differential *SLIT1* downregulation ([Fig. 2](#fig02){ref-type="fig"}A,B). In hummingbirds, the pattern of *SLIT1* downregulation in the RA analog (the VA) was similar to that in songbirds, which have only a core song nucleus that, like the songbird RA and parrot AAC core, makes a direct projection to brainstem vocal motor neurons (Gahr, [@b16]). No such large differential downregulation of *SLIT1* was seen within the arcopallium of the two vocal nonlearning avian species tested, ring doves and quails ([Fig. 2](#fig02){ref-type="fig"}A,B,H).

![Brain expression of SLIT and ROBO genes in vocal learning and vocal nonlearning birds. A: Diagrams of the arcopallium region in coronal view in the species studied (zebra finch, a songbird; budgerigar, a parrot; Anna\'s hummingbird; ring dove; Japanese quail). Inset with arrows in the quail panel is a compass for orientation: d, dorsal; m, medial; v, ventral; l, lateral. B--D: mRNA expression patterns of *SLIT1* (B), *ROBO1* (C), and *ROBO2* (D) in the RA analog and the surrounding arcopallium of avian vocal learners and vocal nonlearners. White silver grains show mRNA expression in the darkfield view; red label is cresyl violet stain. Images are expanded views of the in situ hybridizations shown in Pfenning et al. ([@b42]), except that the zebra finch is from a different animal. E: Expression pattern of ROBO2 from another zebra finch that did not show a differential expression in RA. F,G: Expression pattern of *SLIT2* (F) and *SLIT3* (G) in the zebra finch. H. Quantification of *SLIT1*, *ROBO1*, and *ROBO2* mRNA expression in the RA analog in vocal learners or the intermediate arcopallium in vocal nonlearners versus adjacent motor intermediate arcopallium in each species. Only SLIT1 was significantly differentially expressed in the same direction in all vocal learners versus vocal nonlearners (*P* \< 0.05; paired *t*-tests; *n*= 3--6 per species). Error bars, SEM. For abbreviations, see list. Scale bar = 500 µm in second row (applies to rows below). Scale bar in panel B, zebra finch, applies to E--G.](cne0523-0892-f2){#fig02}

Expression of the *SLIT1* receptor, *ROBO1*, was high only in isolated cells in songbird RA, whereas it was high in most cells in the surrounding arcopallium ([Fig. 2](#fig02){ref-type="fig"}C). In contrast to songbirds, *ROBO1* expression in the RA analog of parrot (the AAC core portion) and hummingbird (the VA) was higher than in the surrounding arcopallium ([Fig. 2](#fig02){ref-type="fig"}C,H). As in songbirds, there was higher *ROBO1* expression in the Ai adjacent to the RA analog relative to the rest of the arcopallium. However, such localized differential *ROBO1* expression was also seen in the Ai of the two vocal nonlearning species ([Fig. 2](#fig02){ref-type="fig"}C), and thus was not unique to vocal learners.

Expression of the sister receptor gene *ROBO2* in the songbird RA was variable among animals, with some (∼50%) showing lower expression in the RA relative to the surrounding arcopallium ([Fig. 2](#fig02){ref-type="fig"}D) and others showing no difference ([Fig. 2](#fig02){ref-type="fig"}E). This difference among animals was not related to immediate singing behavior, as the animals examined were taken after an overnight period of silence. There was no detectable difference in *ROBO2* expression for all animals within the RA analogs of the parrot and the hummingbird or within the central arcopallium of the two vocal nonlearners, dove and quail, relative to the surrounding arcopallium ([Fig. 2](#fig02){ref-type="fig"}D, H).

In contrast to *SLIT1*, expression of the sister genes *SLIT2* and *SLIT3* was low throughout most of the songbird arcopallium, including the RA ([Fig. 2](#fig02){ref-type="fig"}F,G), and thus we did not test them further in other species. The most medial part of the arcopallium (Am; a limbic region; Reiner et al., [@b43]) had higher patches of expression of all three SLIT genes, but this did not result in the RA analog having specialized expression for *SLIT2* and *SLIT3* relative to the rest of the arcopallium.

Intriguingly, based on enrichment of *SLIT1* expression in the arcopallium, we noted that the arcopallium in all three vocal learners is positioned more medially in the forebrain than in the two vocal nonlearning species tested. In the vocal learners, the adjacent nidopallium is both dorsal and lateral to the arcopallium, whereas in the two vocal nonlearners, the nidopallium is all dorsal. Future experiments on other vocal nonlearners will be necessary to determine whether this is a trait specific to vocal learners.

Overall, these findings demonstrate convergent differential regulation specific to *SLIT1* and *ROBO1* in the RA analog of vocal learning avian species. Unlike *ROBO1*, the *SLIT1* gene is differentially regulated in the same direction across all vocal learning avian species.

Other song nuclei and broader brain expression profiles
-------------------------------------------------------

We qualitatively examined expression of the SLIT and ROBO genes in other telencephalic song nuclei, particularly in the zebra finch, a songbird. We did not note specialized expression of *SLIT1* or *ROBO1* in the HVC analogs of vocal learners ([Figs. 2](#fig02){ref-type="fig"}B,C, [3](#fig03){ref-type="fig"}A,B); in zebra finches all song nuclei can all be seen in the same plane in sagittal sections ([Fig. 3](#fig03){ref-type="fig"}), whereas the HVC analogs in parrots (the NLC) and hummingbirds (the VLN) is directly adjacent to the RA analog in frontal sections ([Fig. 2](#fig02){ref-type="fig"}A--D). In contrast to these two genes, *ROBO2* appeared to have convergent upregulation in the HVC analogs ([Figs. 2](#fig02){ref-type="fig"}D, [3](#fig03){ref-type="fig"}C). We examined only the anterior song nuclei in zebra finches (using sagittal sections) and noted differential downregulation of *SLIT1* and *ROBO1* in the LMAN and Area X, but no difference for *ROBO2* ([Fig. 3](#fig03){ref-type="fig"}A-C). We did not note any differential expression of these genes in the smaller songbird song nuclei of the mesopallium (the Av and MO) and of the nidopallium (Nif; [Figs. 1](#fig01){ref-type="fig"}A, [3](#fig03){ref-type="fig"}).

![Expression of SLIT and ROBO genes that have prominent expression in the telencephalon, in the sagittal plane in the male zebra finch brain. A: *SLIT1* mRNA expression in a plane of section in which all major song nuclei are present (highlighted with lines). B: *ROBO1* mRNA expression showing a mostly complementary pattern to SLIT1, except in song nuclei. The white streak is in the midbrain. C: *ROBO2* mRNA expression in an adjacent section. For telencephalic subdivision abbreviations in A, see list. Scale bar = 1.0 mm in C (applies to A--C).](cne0523-0892-f3){#fig03}

In terms of the overall expression patterns of these genes in the telencephalon, we noted that *SLIT1* was highest in the arcopallium (quaternary pallium), and had a higher expression gradient toward the lamina between the dorsal (MD) and ventral (MV) mesopallium (tertiary pallium), intermediate levels of expression in the nidopallium and hyperpallium (secondary pallium), and the lowest expression levels in the intercalated pallium (auditory L2 and visual IH; primary pallium), which receives the primary sensory input into the telencephalon; expression levels were lower as well in the striatum ([Fig. 3](#fig03){ref-type="fig"}A). *ROBO1* had a complementary pattern, with highest expression levels in the intercalated pallium, intermediate levels in the nidopallium plus the hyperpallium and striatum, and the lowest levels in the mesopallium ([Fig. 3](#fig03){ref-type="fig"}B). Even in the arcopallium, *ROBO1* appeared to be lower where *SLIT1* was highest. *ROBO2* did not have a complementary pattern to either *SLIT1* or *ROBO1*, and was expressed at comparably high levels in most telencephalic areas except for the striatum, pallidum, and caudal nidopallium ([Fig. 3](#fig03){ref-type="fig"}C).

Overall, these findings suggest that, as has been noted in the rat brain (Marillat et al., [@b37]), *SLIT1* and *ROBO1* in the avian brain have mostly complementary expression profiles. The findings also support the recent revisions to our understanding of avian brain organization, with semi-mirror organization of the telencephalic cell populations around the mesopallium lamina and lateral ventricle (Jarvis et al., [@b27]). However, the song nuclei display some striking exceptions to this complementary pattern, most notably for *ROBO1* in the RA and the downregulation of both genes in the LMAN and Area X.

Brainstem vocal motor neurons show specialized regulation of *ROBO2* in both vocal learning and vocal nonlearning species
-------------------------------------------------------------------------------------------------------------------------

We next compared expression of the ROBO and SLIT genes in the target of the RA analog, the nXIIts, with the nearby supraspinal (SSp) neck motor neurons in the same coronal sections. Unlike the nXIIts, the SSp is thought to not receive a direct projection from the arcopallium, but rather an indirect projection from the Ai to the reticular formation (RF) around the SSp, and then from the RF to the SSp in both vocal learners and vocal nonlearners (Dubbeldam, [@b12]). Both vocal learning and nonlearning species have vocal, neck, and other brainstem and spinal motor neurons, which are the final stations for generation of both innate and learned movements (Wild, [@b50]; Dubbeldam, [@b12]).

Similar to the forebrain, we found a complementary pattern of *SLIT1* and *ROBO1* expression, whereby *SLIT1* was low in motor nuclei and high in the surrounding RF ([Fig. 4](#fig04){ref-type="fig"}A), and *ROBO1* was higher in the motor nuclei ([Fig. 4](#fig04){ref-type="fig"}C). *SLIT2* was not expressed in this brainstem region (not shown), and *SLIT3* was specifically high in the motor nuclei ([Fig. 4](#fig04){ref-type="fig"}B); unlike the other genes, *ROBO2* was specifically enriched in the nXIIts ([Fig. 3](#fig03){ref-type="fig"}D). Brightfield images at high magnification verified these differences, and further revealed that these genes were expressed in the large motor neurons ([Fig. 4](#fig04){ref-type="fig"}E,F).

![Expression of SLIT and ROBO genes in brainstem vocal (nXIIts) and neck (SSp) motor neurons. A--D: Example in situ hybridization expression patterns of *SLIT1* (A), *SLIT3* (B), *ROBO1* (C), and *ROBO2* (D) in the zebra finch brainstem motor neurons. E,F: Brightfield high magnification of *ROBO1* (E) and *ROBO2* (F) mRNA expression in nXIIts and SSp, showing differences of mRNA levels (measured by black silver grains) in the motor neurons. For abbreviations, see list. Scale bar = 500 µm in D (applies to A--D); 30 µm in F (applies to E,F).](cne0523-0892-f4){#fig04}

We quantified the ratios of gene expression between the nXIIts and SSp across species, and found that, unlike in the forebrain where specialized expression was restricted to vocal learners, *ROBO2* had higher expression in the nXIIts and was nearly absent in the SSp ([Figs. 4](#fig04){ref-type="fig"}F, [5](#fig05){ref-type="fig"}) and other motor neurons (not shown) in all vocal learning and vocal nonlearning species examined. For the other genes, most species had lower expression levels of one or more of them in the nXIIts compared with the SSp ([Fig. 5](#fig05){ref-type="fig"}). We found no detectable differences between zebra finch males and females (not shown). These findings indicate that the SLIT--ROBO genes have differential expression in the vocal motor neurons, but, unlike their input to the forebrain, the differences are not specific to vocal learners.

![Quantification of nXIIts:SSp gene expression ratios across species. Shown are quantifications of relative differences of four genes from the SLIT-ROBO family in the vocal motor (nXIIts) and neck motor (SSp) neurons of three vocal learning (songbird, parrot, hummingbird) and two vocal nonlearning (dove and quail) species. \* *P* \< 0.05; paired *t*-test between nXIIts and SPP of the same animals, indicating significantly greater or less than a ratio of 1; *n* = 3--4 per species. Error bars, SEM. For abbreviations, see list.](cne0523-0892-f5){#fig05}

*ROBO1* and *SLIT1* specializations in RA are formed during critical periods for vocal learning
-----------------------------------------------------------------------------------------------

In zebra finches, the RA to nXIIts projection is already formed in both sexes by PHD18, but sex differences emerge around PHD30, at which time the RA neuron population and projection continue to grow and develop in males but shrink significantly with a developmental loss of RA neurons in females (Johnson and Sellix, [@b29]). We found that both zebra finch males and females showed differential downregulation of *SLIT1* expression in RA throughout all measured posthatch stages into adulthood, except female adults ([Fig. 6](#fig06){ref-type="fig"}A,C). In constrast, males and females exhibited similarly strong *ROBO1* expression in the arcopallium with no differential expression in RA by PHD20 ([Fig. 6](#fig06){ref-type="fig"}B,C). Significant differential upregulation of *ROBO1* expression occurred in the RA of PHD35 males, followed by differential downregulation excepted in isolated cells by PHD65 only in males ([Fig. 6](#fig06){ref-type="fig"}B,C). These findings suggest that the mechanism for the specialized regulation of the receptor (*ROBO1*) and ligand (*SLIT1*) in the RA are not directly coupled.

![Expression of *SLIT1* and *ROBO1* in zebra finch RA during song development. A,B: In situ hybridization in darkfield view showing expression of (A) *SLIT1* and *ROBO1* (B) mRNA (white) in RA of male and female zebra finches during juvenile development: days 20, 35, and 65 post hatch relative to adult (\>90). C: Quantification of expression in RA versus adjacent intermediate arcopallium in male (filled bars) and female (open bars) zebra finches. \* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001 (one-tailed *t*-tests; *n* = 3 animals/group). Error bars, SD. Scale bar = 500 µm in B (applies to A,B).](cne0523-0892-f6){#fig06}

We examined *SLIT1* expression in 2-day-old juvenile quails (equivalent to ∼PHD20 zebra finches in terms of feeding and walking), to test whether a vocal nonlearning species would show an early posthatch difference that would have been missed in adults. However, we did not observe a distinct downregulation of *SLIT1* in the juvenile quail arcopallium ([Fig. 7](#fig07){ref-type="fig"}A). We also did not observe a posthatch developmental difference in the XIIts motor neurons of quail ([Fig. 7](#fig07){ref-type="fig"}B) or of male zebra finch ([Fig. 7](#fig07){ref-type="fig"}C,D). These findings suggest that the specialized expression of *SLIT1* in the RA is restricted to vocal learners at an early developmental stage, and is probably not the result of a posthatch difference disappearing in adult vocal nonlearners

![Expression of *SLIT1* in quail forebrain and zebra finch brainstem at earlier ages. A: Coronal section through a 2-day-old male quail brain, showing no region of strong differential downregulation of *SLIT1*. B: Expression of *SLIT1* in the brainstem of the same 2-day-old quail, showing that there is no difference from that seen in the motor neurons of zebra finches. C: Expression of *SLIT1* in the brainstem at in a PHD (posthatch day) 19 zebra finch. D: Expression of *SLIT1* in the brainstem of a PHD61 zebra finch. For abbreviations, see list. Scale bars = 500 μm.](cne0523-0892-f7){#fig07}

The putative laryngeal motor cortex of mice has *SLIT1* and *ROBO1* expression patterns similar to those of vocal nonlearning birds
-----------------------------------------------------------------------------------------------------------------------------------

We next examined expression of SLIT and ROBO genes in a recently discovered putative mouse LMC, which has a much sparser projection from its cortical layer 5 neurons to brainstem vocal motor neurons (nucleus ambiguous) compared with the RA analog of vocal learning birds and the LMC of humans (Arriaga et al., [@b2]; Arriaga and Jarvis, [@b1]). We found that, similar to vocal nonlearning birds, the mouse layer 5 cells of the putative LMC had high *SLIT1* expression in isolated cells and high *SLIT2* expression similar to the adjacent cortex (**Fig.** [8](#fig08){ref-type="fig"}**A,B**). Also similar to the nonvocal arcopallium of both vocal learning and vocal nonlearning birds, *ROBO1* expression was higher in layer 5 cells of the primary (M1) and secondary (M2) motor cortices relative to other regions ([Fig. 8](#fig08){ref-type="fig"}C,F), and this was not specific to the putative LMC. Similar to a more general distributed pattern throughout the avian pallium, mouse *ROBO2* expression was high in all cortical layers ([Fig. 8](#fig08){ref-type="fig"}D). Thus, the mouse brain has a SLIT--ROBO family gene expression pattern in its motor cortex that is more similar to that of vocal nonlearning birds.

![Expression of SLIT and ROBO genes in mouse putative LMC. A--D: In situ hybridization expression patterns of *SLIT1* (A), *SLIT2* (B), *ROBO1* (C), and *ROBO2* (D) in sections containing putative LMC. E: Expression of singing-driven *EGR1* gene expression in a comparable section from Arriaga et al. ([@b2]) to help identify the vocally active part of the mouse cortex (used with permission). F: Higher magnification of *ROBO1* expression in layer 5 cells of the M1+M2 LMC region. For abbreviations, see list. Scale bar = 1 mm in D (applies to A--E); 200 µm in F.](cne0523-0892-f8){#fig08}

Discussion
==========

In this study we found convergent downregulation of the *SLIT1* gene in the RA song production analog of all vocal learning avian lineages. We also found differential up- or downregulation of its receptor, *ROBO1*, although the upregulation was not as specific to the RA, because the intermediate arcopallium of vocal nonlearners also has some *ROBO1* upregulation relative to the surrounding arcopallium. The *ROBO1* differential expression in the songbird RA relative to the surrounding arcopallium was transiently and developmentally upregulated during critical periods of song learning. We also found suggestive evidence of convergent upregulation of the *ROBO2* receptor in the HVC analogs. Along with our finding of differential downregulation of *SLIT1* in the laryngeal motor cortex and adjacent laryngeal somatosensory cortex in humans (Pfenning et al., [@b42]), these results suggest that differential regulation of the SLIT--ROBO pathway could be critical for the evolution of vocal learning circuits.

This suggestion is consistent with prior discoveries in *ROBO1* and *SLIT1* genes. Some mutations in the *ROBO1* gene in humans are associated with dyslexia, autism, and speech sound disorder language deficits (Hannula-Jouppi et al., [@b18]; Bates et al., [@b3]). The mRNA expression of one *ROBO1* splice variant, *ROBO1a*, is enriched in the human temporal auditory and/or temporal association cortex, and another variant, *ROBO1b* is enriched in the prefrontal cortex, where Broca\'s speech area develops (Johnson et al., [@b30]). *SLIT1* is a direct target of *FOXP2*, and human *FOXP2* modulates stronger upregulation of *SLIT1* than chimpanzee *FOXP2* (Konopka et al., [@b33]). The SLIT--ROBO GTPase activating protein 2 (*SRGAP2*) is uniquely duplicated three times in the human genome, and one of the partial duplicated copies partially suppresses SLIT protein activity, thereby causing slower forebrain dendritic pruning, leaving longer and more dendrites (Charrier et al., [@b8]; Dennis et al., [@b10]); one interpretation of this finding is that the duplicated *SRGAP2* results in the human adult brain remaining in a more juvenile-like state, thereby allowing humans greater cognitive flexibility as adults, more so than other animals (Charrier et al., [@b8]; Dennis et al., [@b10]). Thus, our results add to a growing body of studies converging on the SLIT--ROBO pathway genes as candidates for developing circuits for specialized complex behaviors.

Historically, SLIT ligands and ROBO receptors were found to control commissural guidance of axons across midlines of the two brain hemispheres during development, by way of a repulsive mechanism (Brose and Tessier-Lavigne, [@b6]); binding of secreted SLIT proteins from cell bodies to ROBO receptors on axons was found to mediate repulsion of the axons from the midline. When one or the other molecule was not present, the axons could cross. However, subsequent studies have revealed a more complex story for these genes, including involvement in cell proliferation and migration of neuronal and non-neuronal cells, and axon pathfinding and dendritic branching of neurons (Brose and Tessier-Lavigne, [@b6]; Lopez-Bendito et al., [@b36]; Ypsilanti et al., [@b52]; Kolodkin and Tessier-Lavigne, [@b32]; Blockus and Chédotal, [@b4]; Ypsilanti and Chedotal, [@b51]). Furthermore, the different SLITs can bind to the different ROBO receptors in various combinations, including among different splice variants, leading to either repulsive or attractive interactions between neurons (Blockus and Chédotal, [@b4]; Ypsilanti and Chedotal, [@b51]). Although we find developmental changes in *ROBO1* expression in the RA during critical periods of vocal learning, the overall pattern in adulthood across species, the expression specializations that last into adulthood (including high *ROBO1* in parrot and hummingbird RA analogs), and the nonvocal pathway expression patterns in adults all suggest that these genes have continuing important roles in adults for maintaining or modulating general as well as specialized connections. It is unlikely that their primary roles in the avian and thereby mammalian telencephalon would be in commissural crossings, as there is no corpus callosum in the avian telencephalon and the expression profiles in the avian telencephalon parallel some of those found in the mammalian brain, within analogous cell types.

Based on the expression profiles presented here, the repulsive interactions between *SLIT1* and *ROBO1* under some conditions, and the unique connectivity of song nuclei in vocal learners, we propose that these genes serve as viable candidate axon guidance molecules that could allow for the specialized direct projection of the RA to brainstem vocal motor neurons. Since the RA analog makes significantly less *SLIT1* mRNA, its axons would theoretically not be repelled by *ROBO1* or *ROBO2* receptor expression in the nXIIts, whereas the surrounding arcopallium axons would be repelled from this and other motor neurons ([Fig. 9](#fig09){ref-type="fig"}). Conversely, because the reticular formation surrounding the motor neurons does not express high levels of *ROBO1* or *ROBO2*, such neurons would be receptive to projections from the surrounding arcopallium with high *SLIT1* expression ([Fig. 9](#fig09){ref-type="fig"}). It is also possible that the specialized expression of *SLIT1* in the RA influences the connectivity of input from other song nuclei, such as the HVC and LMAN ([Figs. 1](#fig01){ref-type="fig"}A, [9](#fig09){ref-type="fig"}). However, the connectivity of song nuclei within the forebrain is not that different from the connectivity of adjacent nonvocal motor or sensory neurons (Iyengar and Bottjer, [@b22]; Feenders et al., [@b14]), and we did not note convergent specialized expression of *SLIT1* or *ROBO1* for the HVC. Upregulation of *ROBO2* in the HVC analogs could be a contributing factor, although this difference in expression was relatively minor compared with the striking downregulation of *SLIT1* in the RA analogs of all vocal learners. This overall hypothesis would be viable if, as opposed to common belief (Blockus and Chédotal, [@b4]; Ypsilanti and Chedotal, [@b51]), SLIT1 protein is released from descending axons from the arcopallium neurons and ROBO1 protein is on the dendrites or cell bodies on brainstem motor neurons ([Fig. 9](#fig09){ref-type="fig"}). This hypothesis can be tested with immunolabel and high-resolution microscopy, as well as protein--protein interaction assays.

![Summary of ROBO and SLIT gene expression in forebrain motor pathway projection neurons. Shown is a simplified diagram of the cell populations that express SLIT1, ROBO1, and ROBO2 in the songbird (left) and mouse (right) brains. The ligands and receptors are labeled along the axons that express the mRNAs. We do not yet know whether the expression of these genes is in the projection neurons of each brain region or the local cells.](cne0523-0892-f9){#fig09}

At the other end of the spectrum, our results lead to additional questions on convergence of gene regulation in the brain across species. The *NEUROD6* transcription factor is known to regulate *SLIT1* expression (Blockus and Chédotal, [@b4]), and we found in our related study (Pfenning et al., [@b42]) that *NEUROD6* is also differentially downregulated in the RA analog of vocal learning birds and human LMC. A possible alternative or complementary mechanism could involve enhancers. We recently found that histone 3 acetylation activity at lysine 27 (H3K27ac) differs in the enhancer and promoter regions among region-specific singing-regulated genes in the songbird RA and Area X in a manner that predicts which genes can be regulated in which brain regions (Whitney et al., [@b49]). It is possible that a similar mechanism could be involved in the control of differential regulation of axon guidance genes within the vocal learning nuclei relative to the surrounding cells.

Addressing these hypotheses about the consequences and causes of differential expression of SLIT--ROBO axon guidance genes will require further characterization of the genomes of individual cell types within and outside of vocal learning systems, as well as functional investigations that manipulate these genes in the vocal pathways of different species. The findings of the present study should help guide the testing of such hypotheses.

We thank Gustavo Arriaga for providing mouse brain sections.

Conflict of Interest Statement
==============================

The authors have no conflicts of interest.

Role of Authors
===============

All authors had full access to all the data in the study and take full responsibility for the integrity of the data and the accuracy of the data analysis. RW, CCC, EH, MR PLR, JTH, MC, and JNA performed experiments. RW and EDJ performed analyses and wrote the paper, and EDJ supervised the project.

A

:   Arcopallium

AAc

:   Central nucleus of the anterior arcopallium
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:   AAc core
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M2
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:   Ventral mesopallium
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:   Nidopallium
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OT
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P
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St
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T
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:   Vocal nucleus of the arcopallium
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:   Vocal nucleus of the lateral nidopallium
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